Purpose: To compare in vivo the use of synchrotron radiation to computed tomography angiography (CTA) for the measurement of cross-sectional area (CSA) reduction of the aortic branch ostia caused by suprarenal stent-graft wires. Methods: This study was performed with a Zenith stent-graft placed in a phantom of the human aorta to simulate treatment of abdominal aortic aneurysm. Synchrotron radiation scans were performed using beam energies between 40 and 100 keV and spatial resolution of 19.88 μm per pixel. CSA reduction of the aortic branch ostia by suprarenal stent wires was calculated based on these exposure factors and compared with measurements from CTA images acquired on a 64-row scanner with slice thicknesses of 1.0, 1.5, and 2.0 mm. Results: Images acquired with synchrotron radiation showed <10% of the CSA occupied by stent wires when a single wire crossed a renal artery ostium and <20% for 2 wires crossing a renovisceral branch ostium. The corresponding areas ranged from 24% to 25% for a single wire and from 40% to 48% for double wires crossing the branch ostia when measured on CT images. The stent wire was accurately assessed on synchrotron radiation with a diameter between 0.38±0.01 and 0.53±0.03 mm, which is close to the actual size of 0.47±0.01 mm. The wire diameter measured on CT images was greatly overestimated (1.15±0.01 to 1.57±0.02 mm). Conclusion: CTA has inferior spatial resolution that hinders accurate assessment of CSA reduction. This experiment demonstrated the superiority of synchrotron radiation over CTA for more accurate assessment of aortic stent wires and CSA reduction of the aortic branch ostia.
Introduction
Endovascular aneurysm repair (EVAR) has been increasingly used for treatment of patients with abdominal aortic aneurysm (AAA) due to the lower invasiveness and perioperative mortality compared with open surgery. [1] [2] [3] [4] EVAR is a widely used technique in many clinical centers, with technical developments in aortic stent-grafts promoting its application to patients with complex AAA. 5 While many studies have reported satisfactory results of this less invasive procedure, the long-term outcomes of EVAR, specifically, the effect of aortic stent wires on renal blood flow and subsequent renal function, is still a main concern to clinicians when evaluating the durability of this technique. [6] [7] [8] [9] [10] AAA patients treated with EVAR have regular imaging surveillance to determine whether the aortic aneurysm is successfully excluded, the stent-graft is positioned properly in relation to the aortic branches, and the renovisceral arteries are patent. Computed tomography angiography (CTA) is currently the reference imaging modality for follow-up of EVAR. [11] [12] [13] [14] [15] Modern multidetector computed tomography (CT) scanners allow excellent assessment of changes in aneurysm morphology and configuration of the implanted stent-grafts. [16] [17] [18] However, the spatial resolution of the latest CT scanners, which have the isotropic voxel size of 0.4×0.4×0.4 mm 3 , is still suboptimal for the visualization of 732315J ETXXX10.1177/1526602817732315Journal of Endovascular TherapySun and Ng
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the stent wires because, according to our previous studies, [19] [20] [21] the wire diameter is overestimated on CTA images by from 1.0 to 2.0 mm. This makes the stent wires look much thicker than the actual size, which is <0.5 mm. Thus, the cross-sectional area (CSA) of the branch ostia is exaggerated when calculated based on the wire thickness measured on CT images. 19 This limitation could be addressed by synchrotron radiation, which has a spatial resolution between 10 and 20 μm, >10-fold higher than the latest multidetector CT scanners (300-400 μm).
There have been many applications of synchrotron radiation in various areas including the investigation of cardiovascular disease. [22] [23] [24] [25] [26] Studies have shown that synchrotron radiation accurately captures the mechanical structure of coronary stents and atherosclerotic plaques, as well as components of calcified lesions. Our recent experience using synchrotron radiation in an aortic phantom study demonstrated the advantage of this technique in the visualization of aortic stent wires when compared to CT imaging. 27 This study further expands the application of synchrotron radiation in aortic stent-grafting by examining the hypothesis that synchrotron radiation allows more accurate assessment of CSA reduction of branch ostia when compared to the commonly used multidetector CT imaging technique.
Methods

Phantom
A phantom of the human aorta was developed previously [19] [20] [21] using a rapid prototyping technique. These studies demonstrated the accuracy of the phantom to replicate diameters of the aorta and its main branches and determined the optimal CT scanning protocols. The current study used the same phantom because it allows visualization and comparison of the renal arteries, superior mesenteric artery (SMA), and AAA between synchrotron radiation and CT scans (Figure 1 ).
Aortic Stent-Graft
Similar to our previous reports, a commercially available endovascular stent-graft (Zenith AAA; William Cook Europe, Bjaeverskov, Denmark) was used to simulate AAA treatment. The Zenith stent-graft has an uncovered suprarenal component that consists of a number of bare metal stent wires (Figure 2 ), thus allowing it to be deployed above the renal arteries without compromising blood flow to the kidneys. The suprarenal stent wire measured 0.47±0.01 mm according to a digital caliper.
Experimental Setup of Synchrotron Tomography
Synchrotron radiation (tomography) scans were acquired on the Imaging and Medical Beamline (IMBL) at the Australian Synchrotron Facility in Melbourne, Australia. The IMBL uses monochromatic x-rays from a synchrotron source to produce high-resolution images with contrast and content details far superior to those acquired with CT and other imaging techniques. Therefore, no contrast medium was used in these experiments. The synchrotron radiation images were recorded on detectors with a 70×20-mm field of view with a pixel size of 19.88 μm. Details of the experimental setup on IMBL have been described previously. 27 In brief, synchrotron radiation scans were performed with a range of beam energies from 40 to 100 keV in 10-keV increments to examine the effects on visualization of stent wires across the branch ostia and measurement of CSA coverage.
CT Scanning Techniques
In our previous experiments, a series of CT scans were tested on the phantom using a 64-row CT scanner (Siemens Definition; Siemens Healthcare, Forchheim, Germany) with different protocols covering a range of slice thicknesses and pitch values. A CT scanning protocol consisting of 1.5-mm slice thickness and 1.5 pitch, with 100 kV and 180 mA·s was found to be optimal according to quantitative assessment of image quality based on 2-dimensional (2D) and 3-dimensional (3D) images, with significant reduction in radiation dose. 28 Thus, in this study, CT images were acquired with slice thicknesses of 1.0, 1.5, and 2.0 mm, a pitch of 1.5, and exposure factors of 100 kV and 180 mA·s for comparison with synchrotron radiation images as regards stent wire thickness and CSA reduction of the branch ostia. The CT dose index volume and dose length product for these CT protocols were 7.60, 7.60, and 7.60 mGy and 133, 125, and 136 mGy·cm, respectively, resulting in corresponding effective doses of 2.00, 1.88, and 2.04 mSv. 
Image Processing and Measurements
Synchrotron radiation images in tagged image file format and 64-row CT images in Digital Imaging and Communications in Medicine format were transferred to a separate workstation equipped with Analyze (version 12.0; AnalyzeDirect, Inc, Lexana, KS, USA) for image processing and measurement. Details of measurements of the stent wire diameter were well described previously in our study of synchrotron radiation images based on 2D and 3D reconstructed images. 27 According to previous reports, 19, 21 suprarenal stent wires can assume 4 different configurations in relation to the renal and SMA ostia: single wire on center, single wire off center, 2 wires off center, and 2 wires in a V shape. Our previous study confirmed that ostial CSA reduction was determined by the diameter and number of stent wires crossing the ostium, 19 so only 2 stent wire configurations were tested. Thus, the stent-graft was placed inside the phantom such that a single wire crossed the left renal ostium peripherally (off-center wire) and 2 stent wires crossed the right renal and SMA ostia peripherally ( Figure 1A ). The central single wire and dual V-shaped wires were not included.
The CSA occupied by the stent wire/wires was calculated according to Liffman et al, 29 who proposed formulas that take into account the diameter of the stent wire and distance of the wire to the central axis of the branch ostium. Measurements of wire diameter and distance were performed on 3D virtual intravascular endoscopy (VIE) images, which provides unique intravascular views of the 3D relationship between the branch ostia and stent wires ( Figures 3 and 4) , as explained previously. 20, 21, 29 In brief, a thresholding technique was used to generate VIE images of aortic stent wires with measurements performed 3 times at each anatomical location. A mean value was taken to avoid intraobserver disagreement. Selection of an appropriate threshold depends on clearly visualizing the aortic stent wires without fragmented or discontinuous appearances on VIE. 21 
Statistical Analysis
Continuous variables were presented as the mean ± standard deviation. Mean values of stent wire thickness and CSA occupied by stent wires measured on synchrotron radiation and CT images were compared using the Student t test; p<0.05 was considered statistically significant. Statistical analyses were performed using SPSS software (version 24.0; IBM Corporation, Armonk, NY, USA).
Results
The stent wire diameter was more accurately assessed on images acquired with synchrotron radiation ( Figure 5A ), with measured thicknesses of 0.38±0.01 to 0.53±0.03 mm, close to the actual wire diameter of the aortic stentgraft (0.47±0.01 mm). Table 1 shows measurements of stent wire diameters at various anatomical locations with different scanning protocols. The 40-keV protocol for synchrotron radiation resulted in more distorted wire diameters at all 3 branch ostia than other protocols (p<0.05), indicating inferior visualization or inaccurate assessment because of low energy effect. In contrast, the wire diameter was overestimated on CT images (Table  2) , with measured thicknesses ranging from 1.15±0.01 mm to 1.57±0.02 mm, which makes it look like much thicker than the real size. The key findings of this study lie in more accurate calculation of the CSA occupied by stent wires through the use of synchrotron radiation compared to CT images. Table 1 shows calculated ostial CSA coverage for wires in different configurations. The results showed <10% CSA coverage of the left renal artery ostium when it was crossed by a single stent wire and <20% coverage of the right renal and SMA ostia when crossed by 2 stent wires. The CSA coverage by stent wires was significantly increased when assessed on CT images (p<0.001), with covered areas of 24% to 25%, 44% to 48%, and 40% to 43%, corresponding to the left renal, right renal, and SMA ostia, respectively. This is mainly because of the overestimated wire thickness on CT images.
Discussion
Our findings reveal the superior accuracy of suprarenal stent wire imaging using ultra-high-resolution synchrotron radiation compared to the conventional CT images. The aortic stent wires can be accurately measured on images acquired with synchrotron radiation, with diameters similar to the actual size, thus allowing determination of the CSA reduction of the branch ostia by stent wires. This has significant clinical impact because the potential effects of suprarenal stent wires on renal perfusion can now be measured with a precision heretofore unobtainable. Knowing the exact extent of wire coverage could uncover a risk for thrombus formation or implantation-induced stenosis.
Technological developments in aortic stent-grafts have overcome limitations of previous products and now accommodate a wider range of indications. 30 However, alteration of the hemodynamic environment associated with these stent-grafts remains a hot topic in the literature. The deployment of endovascular devices in the abdominal aorta alters the local hemodynamics, thus promoting thrombus formation in the stent-graft. Our previous study and others using computational fluid dynamics in idealized or patient-specific models did not show significant impact of suprarenal stent wires on renal hemodynamic changes, with <5% flow velocity reduction in different types or configurations of stent wires crossing the renal ostium. 29, 31 Nevertheless, reduction Scanning protocols are given as the slice thickness (mm)/pitch/reconstruction interval (mm). Diameters of the aortic branch ostia are the same as shown in Table 1 . b d refers to the wire thickness measured on virtual intravascular endoscopy.
c y refers to the distance between the stent wire and the central axis of the branch ostium measured on virtual intravascular endoscopy. of flow velocity was increased to as much as 40% when the stent wire diameter was increased from 0.4 to 1.0 or 2.0 mm due to material buildup (neointimal hyperplasia) on the stent surface. This may lead to stent-graft-induced stenosis because of disturbed flow or thrombus accumulation on the stent-graft/stent wire surface, 31 although this needs to be verified by clinical studies with longer follow-up.
Several studies have reported thrombus formation in AAA stent-grafts, [32] [33] [34] [35] [36] with an incidence ranging from 15% to 33% depending on the devices used. Although these thrombotic deposits did not cause atheroembolic events, formation of thrombus on the stent wire surface could further increase renal ostial CSA reduction, which may compromise blood flow to the renal arteries. Thrombus formation in the stent-graft is a common phenomenon, and its significance remains unclear. However, Wu et al 37 showed a significant correlation between deposition of thrombus and the ratio of the CSA of the main stent-graft to the iliac limbs (p=0.04) and length of the main body (p=0.01). Therefore, the presence of thrombotic materials in the stent wires should not be ignored due to the potential risk of affecting renal perfusion. This could be further studied with synchrotron radiation in animal experiments. Some recent studies on mice have demonstrated the accuracy of synchrotron radiation for 3D morphological assessment of the cardiovascular system, ranging from large vascular structures to microscopic details of atherosclerotic plaques. [38] [39] [40] Results of our study further advance our understanding of the effect of stent wires on renal and other branch ostia in terms of CSA reduction. There are very limited studies available in the literature on the CSA coverage by stent wires, 19 as most of the research focuses on CT follow-up of aneurysm remodeling in terms of aneurysm size change or CSA reduction of the aneurysms. [41] [42] [43] Given the abovementioned possibilities of thrombus formation and hemodynamic changes by the stent-graft / stent wires, synchrotron radiation offers a novel technique for accurate assessment of ostial CSA reduction by stent wires.
Although synchrotron radiation has been proven to be a safe imaging modality in the diagnosis of cardiovascular disease, 26 it is not recommended as a routine technique for EVAR surveillance because it mainly serves as a research tool. Currently, CTA is the preferred imaging modality in AAA diagnosis and EVAR follow-up. However, repeated CT scans expose patients to high cumulative radiation doses and nephrotoxic intravenous contrast medium. 44, 45 This has raised serious concerns. To address this issue, low-dose CTA protocols have been reported to show the feasibility of reducing both radiation dose (reduce tube voltage from 120 to 100 or 80 kV) and contrast volume (lower contrast medium to 30 mL) while capturing diagnostic-quality images. [46] [47] [48] Another strategy to solve this issue is to use duplex ultrasound as an alternative to CTA in the follow-up of EVAR patients. Several authors have shown that contrast-enhanced ultrasound is as accurate as or better than CTA in detecting endoleaks, monitoring aneurysm dimensional changes, and assessing stented vessel patency by analyzing hemodynamic flow to the renal arteries. [49] [50] [51] A recent study 52 advocated increasing the use of ultrasound while reducing the use of CT to lower costs and radiation dose.
Limitations
First, contrast medium was not used in our phantom experiments because of the superior spatial and contrast resolution of synchrotron radiation. Furthermore, any scatter artifacts or contrast decrease that might arise from a patient could not be assessed in this phantom study.
Second, CT images in this study were acquired on a 64-row scanner, which is widely available in many clinical centers, although it does not represent the latest CT models. Despite the limitation of a 1-mm slice thickness used in this study, thin slice images, such as 0.5 or 0.625 mm, still resulted in overestimation of wire thickness, even with the generation of isotropic volume data ( Figure 6 ). Highresolution CT with a spatial resolution of 0.23 mm shows improved diagnostic performance as opposed to the 0.5 to 0.625-mm spatial resolution of the standard 64-row scanner, thus it may allow better visualization of stent wires. 53 Third, although the hollow phantom used in this study has anatomical details representing realistic aortic structures, the phantom wall seems to be quite thick. With currently available 3D printing techniques, a more realistic patient-specific 3D printed model would be desirable to replicate both anatomy and pathology for experimental studies. [54] [55] [56] Fourth, radiation dose associated with synchrotron radiation was not measured in this study as our focus was to determine the stent wire thickness in relation to CSA reduction. Further experiments with measurement of radiation exposure due to synchrotron radiation are needed to enable comparison of radiation dose between synchrotron radiation and conventional CT imaging.
Finally, only the Zenith stent-graft was tested in this study. Currently, there are different types of stent-grafts available for treatment of AAA, and most importantly, the development of thrombus in stent-grafts depends on the type of device used. 32 Thus, it is necessary to conduct further research with different aortic stent-graft models to verify our findings with regard to the best imaging technique to accurately identify ostial CSA reduction by stent wires.
Conclusion
Compared with CT scanning, high-resolution synchrotron radiation can more precisely image suprarenal stent wires crossing aortic branch ostia, thus assisting accurate study of ostial CSA reduction in patients treated with aortic stent-grafts.
